The renal excretory mechanism of cefmenoxime in rabbits was compared with that of 6 other cephalosporins (cefotaxime, deacetylcefotaxime, cefotiam, cefazolin, cephaloridine, and cefsulodin).
Proximal tubular secretion by the anion transport system, in addition to glomerular filtration, plays an important role in the renal excretory mechanism of organic acids including cephalosporins''. Paraaminohippuric acid (PAH) is a typical compound of those secreted by this system: PAH anions in blood are taken up actively into the proximal tubular epithelial cells by a carrier and then secreted into the tubular lumen by passive diffusion'-4). The behavior of organic acids in these processes has entirely different effects on the tubular cells. When organic acids taken up into the cells are not secreted into the tubular lumen or when their rate of uptake exceeds that of secretion, they will accumulate in the cells to a toxic level, and cellular necrosis will ensue; as happens with cephaloridine5-1o) The renal lesion caused by cephaloridine can be prevented by competitively blocking the uptake of this drug into cells with other organic acids such as PAH or probenecid11-1s). On the other hand, when organic acids in the cells are secreted into the lumen at the same rate as they are taken up into cells from the blood, the acids do not accumulate to a toxic level in the cellsio> Previous studies, in which we used a renal clearance technique in rabbits, suggested tubular secretion of 6 out of 7 cephalosporins examined including cefmenoxime (713-[2-(2-aminothiazol-4-yl)-(Z)-2-methoxyiminoacetamido]-3-[(1-methyl-lH-tetrazol-5-yl)thiomethyl]ceph-3-em-4-carboxylic acid), a novel broad-spectrum cephalosporin'4 . In the present study, the renal excretory mechanism of cef- 
, and cefsulodin (3-(4-carbamoyl-l-pyridiniomethyl)-719-(D-a-sulfophenylacetamido)ceph-3-em-4-carboxylate monosodium salt) were prepared in our Central Research Division. Cefazolin (Fujisawa Pharmaceutical, Japan) and cephaloridine (Eli Lilly, U.S.A.) were commercial preparations. All cephalosporins, except cefotiam and cephaloridine, were used as the sodium salt. Cefotiam was used as the dihydrochloride.
Inulin (reagent grade; Wako Pure Chemical, Japan) and PAH (sodium salt, reagent grade; Sigma, U.S.A.) were commercial preparations.
The cephalosporins, inulin, and PAH were dissolved in physiological saline on use and the pH of the solutions was adjusted to 7.4 with sodium hydroxide solution.
Animals
Male New Zealand white rabbits (Nippon Seibutsuzairyo Center) weighing 2.7-3.3 kg were used. All animals were acclimated to the laboratory environment more than I week before the experiment with free access to a diet (GM-1; Funabashi Nojo, Japan) and water. Rabbits were deprived of the diet but not of water for 16 hours before the experiment.
Measurement of Renal Clearance and Collection of Renal Specimens
The technique of determining renal clearance for each cephalosporin alone or with PAH was similar to that reported previously"). The rabbits were anesthetized with 30 mg/kg of sodium pentobarbital (Somnopentyl®; Pitman-Moor, U.S.A.) intravenously and tracheotomized. The jugular vein, carotid artery, and both urethrae were cannulated with polyethylene tubes for infusion, blood collection, and urine collection, respectively. The rabbits were primed with 5 ml/kg of inulin solution (15 mg/ml in saline) (solution A). This was followed by an intravenous infusion of solution A at a rate of 18 ml/ kg/hour. Two consecutive 30-minute urine specimens were collected beginning 2 hours after the start of infusion. The infusion was stopped, and the animals were primed with 1 ml/kg of a saline solution (solution B) containing one of the cephalosporins (20 mg/ml) and PAH (0, 200, 400 and 800 mg/ml). This was followed by an intravenous infusion of another solution (0.3 mg of one of the cephalosporins, 0, 10, 20, and 40 mg of PAH in 0.3 ml of solution A) (solution C) at the rate mentioned above. Three consecutive 30-minute urine specimens were collected beginning 30 minutes after the start of the solution C infusion. Three ml blood specimens were drawn at the midpoint of each urine collection before and after the priming with solution B, and the plasma was obtained by centrifugation (3,000 rpm x 10 minutes) immediately. The urine and plasma specimens were stored as described previously '4 Rabbits were given 1 ml (1,000 U) of heparin intravenously after the end of the infusion and totally bled through the carotid arterial cannula. Both kidneys were excised and 1 g each of cortex and medulla was removed from each kidney. The cephalosporins and inulin in each of these tissue samples were extracted by homogenization with 9 volumes of 0.1 M phosphate buffer (pH 7.0) in ice cold and by centrifugation. Methanol was used instead of the phosphate buffer when cefotaxime and deacetylcefotaxime were extracted. The recovery rate of each cephalosporin was more than 95 %. The extracts were stored at -20°C.
Measurements of Cephalosporins, Inulin, and PAH The concentrations of cephalosporins and inulin in the urine and plasma were assayed as described previously"). The concentrations of these drugs in the kidney extracts were assayed by the same method as was used for plasma specimens. PAH concentrations in plasma were determined by the colorimetric technique Of WAUGH and BEALL") Effect of PAH on Binding of Cephalosporins to Rabbit Serum Proteins The extent of binding of cephalosporins to the proteins of rabbit serum was measured by the equilibrium dialysis technique reported previously'" except that PAH (0 -8 mg/ml) was added to the cephalosporin solutions.
Calculation of Renal Clearance Renal clearances of inulin and cephalosporins were calculated from the standard formula reported previously").
Statistical Treatment Statistical significances were evaluated by the Student's t-test.
Results

Effect of PAH on Binding of Cephalosporins to Rabbit Serum Proteins
The rate of serum protein binding of each cephalosporin examined was reduced by adding PAH concurrently ( Fig. 1 ). The rate was markedly reduced in the case of cefotiam, cefotaxime, and deacetylcefotaxime, and slightly reduced in the case of cephaloridine and cefsulodin. Cefmenoxime (60) Cefazolin (100) Cefotaxime (50) Cephaloridine (60) Cefotiam (60) Cefsulodin ( Number in parentheses denote drug concentration applied (pg/ml). a) Determined by the equilibrium dialysis method.
Effect of PAH on Renal Clearance in Rabbits
The effect of concurrently administered PAH on the renal clearance of cefmenoxime and the other cephalosporins is shown in Table 1 . Since cefotaxime is known to be partly metabolized to deacetylcefotaxime in the body, a less active metabolite 141, parameters for both are shown separately. The clearance ratios (Cf-Drng/CIn"11n=CRP) of cefmenoxime (337) and cefazolin (73) were considerably higher than those of the 5 other cephalosporins [cefotaxime (19.7), cefotiam (13.9), deacetylcefotaxime (9.7), cephaloridine (1.95), and cefsulodin (0.86)].
In the case of cefmenoxime, when plasma PAH concentrations were increased, the free drug concentration in plasma (Pf.Drug) and the amount of glomerular filtration (Pf-Drug • Clnulin) were increased, while the renal clearance (Cf-Drug) and the clearance ratio were decreased. On the other hand, the inulin clearance(Cl nnlin) was unchanged and the amount of urinary excretion(UDrug . V) was little influenced.
In the case of cefotaxime, deacetylcefotaxime, cefotiam, and cefazolin these findings were changed in a similar manner to those of cefmenoxime. Although the results for cephaloridine showed a similar tendency to those of cefmenoxime, the effect of PAH on these parameters was much smaller with cephaloridine than with the other cephalosporins. (7) 10 (3) 20 (3) 40 (4) 0 (8) 10 (4) 20 (3) 40 ( Urinary excretion (Unrug.V) was significantly (p<0.001) larger than glomerular filtration for all cephalosporins except cefsulodine (Table 1) . When PAH was infused concurrently, the glomerular filtration of all the cephalosporins except cefsulodin increased but the value for cefinenoxime and cefazolin was about one-tenth and one-half of the urinary excretion, respectively, even with the highest dose of PAH. Glomerular filtration tended to be lower than urinary excretion for cefotaxime, deacetylcefotaxime, and cephaloridine, and higher for cefotiam and cefsulodin when the highest dose of PAH was administered, but the differences were not statistically significant (p>0.05).
Either PAH alone or concurrently with each of the cephalosporins increased urine volume dosedependently. Without PAH, the urine volume before cephalosporin priming was 10 22 ml/hour and increased twice to three times after priming. The urine volume after the cephalosporin priming increased dose-dependently and reached 20-50 times (180-230 ml/hour) with the highest dose of PAH (40 mg/kg/minute). The renal weight, however, was unchanged with PAH infusion.
Effect of PAH on Cephalosporin Concentrations in the Renal Cortex and Medulla
The ratio of cephalosporin concentration in the renal cortex (C/P) and medulla (M/P) to that in plasma, and in cortex to that in medulla (C/M) are shown in Table 2 and Fig. 3 . The C/P for cefinenoxime (5.49) was lower (p<0.05) than those for deacetylcefotaxime (13.2) and cephaloridine (12.5), similar to those for cefotiam (2.46) and cefazolin (2.32), and higher (p <0.05) than those for cefsulodin (1.62) and cefotaxime (0.31). The M/P ratios were in the same order as the C/P.
The C/M for cefinenoxime (0.82) was lower than that for cephaloridine (3.03), higher than that for cefotaxime (0.19), and similar to those for the remaining cephalosporins (0.54-0.72). The C/P and C/M for inulin were similar among the cephalosporins ( Table 2 ).
The C/M values for all the cephalosporins and for inulin were not affected by concurrent infusion with PAH, except for cephaloridine (Table 2 and Fig. 3 ). The C/M for cephaloridine was reduced with PAH, and reached the same level as that for the other cephalosporins, except for cefotaxime, with 20 mg/ kg/minute of PAH. The C/M value for all the cephalosporins, except cefotaxime (0.16), approximated 1.0 with the highest dose of PAH. The C/M for inulin showed a tendency to increase slightly with PAH in all the cephalosporin treated groups. Fig. 3 . Effect of p-aminohippurate (PAH) on concentration ratio of cortex to medulla for various cephalosporins in rabbits. 0 (7) 10 (3) 20 (3) 40 (4) 0 (8) 10 (4) 20 (3) 40 (3) 0 (6) 10 (4) 20 (3) 40 (3) 0 (8) 10 (4) 20 (4) 40 (4) 0 (5) 10 (3) 20 (3) 40 (5) 0 (6) When PAH was not administered concurrently with cephalosporins, the clearance ratio (CRf) of cefmenoxime was similar to that of cefazolin and considerably higher than that of the other cephalosporins. The renal excretion of cefmenoxime and cefazolin is, therefore, largely the result of tubular secretion and some glomerular filtration.
When PAH was infused concurrently with each of the cephalosporins, the CRf values were significantly decreased except that for cefsulodin (Fig. 2) . This finding indicates that cefmenoxime and the other cephalosporins, except cefsulodin, are actively secreted at the proximal tubules by the same carrier system as PAH. However, with the highest dose of PAH the CRf of cefmenoxime was 13.8 indicating that the tubular secretion of this drug was not blocked completely even by a large amount of PAH , with which the concentration ratio of PAH to cefmenoxime in plasma rose to as high as 650. There are two possible explanations for this failure: a very high affinity of the drug to PAH carrier or the drug may be secreted by a transport system other than the anion. The latter explanation is unlikely for the following reason. According to ITAKURA (personal communication) the values of pKa1 (for carboxyl group at position 4) and of pKa2 (for ammonium group of position 7 side chain) for cefmenoxime are 3.0 and 3.5, respectively. These pKa values indicate that in plasma (pH 7.4) a greater part of the carboxyl group at position 4 exists as the anionic form and the ammonium group at the side chain of position 7 exists as the nonionic form. Therefore, it is unlikely that cefmenoxime is secreted by nonionic diffusion or cation transport system.
To calculate the extent of reabsorption of drugs from the renal clearance, the CRf must be constant at less than 1.0, or the tubular secretion must be completely blocked, and glomerular filtration must be larger than urinary excretion. In the present study, the values of CRf for cefotiam and cefsulodin with the highest dose of PAH were less than 1.0, and their glomerular filtrations were somewhat larger than their urinary excretions, suggesting the possibility of reabsorption.
However, since the differences between glomerular filtration and urinary excretion were not significant (p > 0.05), the reabsorption of these drugs, if any, is not large. The findings for cefmenoxime, cefotaxime, deacetylcefotaxime, cefazolin, and cephaloridine did not satisfy the criteria for calculation of the reabsorption.
Furthermore, the values of C/M for cefotaxime (0.54) and cefsulodin (0.57) without PAH were less than the corresponding values of C/M for inulin, 0.82 and 1.04, respectively. This observation supports the possibility of reabsorption of these drugs by distal tubules in the renal cortex. On the other hand, the values of C/M for cefmenoxime (0.82) and cefazolin (0.72) were about the same as the corresponding values for inulin, 0.81 and 0.95, respectively, which indicates that reabsorption of these drugs is less likely.
The C/P and C/M values for cephaloridine without PAH were 12.5 and 3.3, respectively. These were far higher than those of the other cephalosporins, but were reduced to the same level as those of the others with the concurrent administration of PAH (Table 2 and Fig. 3 ). On the other hand, the corresponding values of C/P and M/P for inulin in the cephaloridine clearance experiment were about the same as those for inulin in the experiments with the other cephalosporins.
Furthermore, the reduction in the CRf of cephaloridine with concurrent administration of PAH was minute (Table 1 and Fig. 2) . These results indicate that a large amount of cephaloridine is actively taken up into the proximal cells but only a small amount is secreted into the tubular lumen; as a consequence, the drug accumulates in the cells. This observation is in accord with many of the earlier reports on the renal excretion of cephaloridine' •8,13) Small differences in the protein binding rate of highly protein-bound drugs have more influence on the CRf value than those of poorly protein-bound drugs. Therefore, only semi-quantitative analysis is allowed to assess the renal excretory mechanism of extremely highly protein-bound drugs for the following two reasons. First, there is a difficulty in determining glomerular filtration and tubular secretion of protein-bound drugs. Although only unbound drugs can be filtered and secreted, the apparent clearance of a drug by this secretory process finally approaches the clearance of the total drug in the plasma, bound and unbound. This results from the recycling process in which, when the unbound drug has been secreted, a re-equilibration between the remaining bound and unbound drugs is effected. The net degree of tubular secretion then depends upon the number of secretory sites, the flow rate of plasma, and the time of passage of the plasma flow in contact with these sites"). On the other hand, since the THE JOURNAL OF ANTIBIOTICS NOV. 1981 plasma flow at the glomerular filtration process is rapid, only unbound drugs are thought to be filtered. However, the shift of bound to unbound drugs could also occur to a small extent at the filtration process. The shift, even to a small extent, would affect the CRf for an extremely highly protein-bound drug, and create a large discrepancy between the actual CRf and the calculated CRC. Second, there is a problem in determining the protein binding of the drugs. Since the extent of plasma protein binding of a drug cannot be determined practically under the same condition as in the glomerular capillaries181, the value determined by an in vitro technique such as equilibrium dialysis is used as an approximation. However, the discrepancy between the value in the glomerular capillaries and that determined by an in vitro technique would greatly affect the CRf for extremely highly protein-bound drugs.
The results of the present study on renal clearances and distributions in the renal cortex and medulla allow for the characterization of the renal excretory mechanisms of cefmenoxime and the other cephalosporins semi-quantitatively, as shown in Table 3 . Glomerular filtration is high in the low proteinbound compounds (deacetylcefotaxime, cephaloridine, and cefsulodin) and low in the highly proteinbound drugs (cefmenoxime, cefotaxime, and cefazolin). On the other hand, the tubular secretion is high with highly protein-bound drugs such as cefmenoxime and cefazolin, low with cephaloridine and cefsulodin. The possibility of minor reabsorption of cefotiam and cefsulodin is suggested. From the results of the clearance experiments there is no evidence for the reabsorption of cefmenoxime and cefazolin. In the cells of the proximal tubule, accumulation of cephaloridine is extremely high, and low for cefmenoxime, deacetylcefotaxime, cefotiam, cefazolin, cefsulodin, and cefotaxime. These results demonstrate that the renal excretory mechanism of cefmenoxime is similar to that of cefazolin, but not that of the remaining cephalosporins. 
